Theoretical predictions of the nonaxisymmetric instability growth rate of an electrohydrodynamic jet based on the measured total current overestimate experimental values. We show that this apparent discrepancy is the result of gas ionization in the surrounding gas and its effect on the surface charge density of the jet. As a result of gas ionization, a sudden drop in the instability growth rate occurs below a critical electrode separation, yielding highly stable jets that can be used for nano-to microscale printing.
Electrohydrodynamic (EHD) jets [1] emitted from liquid cones undergo various modes of instabilities [2, 3] which cause them to break into droplets or whip before reaching the opposite electrode. The droplet formation and the whipping phenomenon have been utilized in many technologically important applications including electrospraying [4] and electrospinning [5] . A most recent trend has been on printing with the liquid jet [6 -13] nano-to micrometer size features when the whipping instability disappears while the counter electrode is in close proximity of the nozzle. Although the stability of EHD jets has been the subject of various studies [14 -16] and the jet behavior can be predicted qualitatively, experimental conditions leading to the disappearance of the whipping instability are not understood. Theoretical calculation of instability growth rate requires surface charge density of the jet which is estimated based on measured total current between the two electrodes [17, 18] . Using such an estimation of surface charge density in the calculations leads to overestimation of the experimental instability growth rates by several orders of magnitude raising doubts on the validity of the existing theories. In other words, the EHD jets travel a much longer length than what is expected by the theoretical predictions before the whipping instability sets in. This observation was first made by Taylor as early as 1969 without a satisfactory explanation [2] .
For printing with the liquid jet, it is crucial to provide a fundamental explanation for this discrepancy so that the conditions leading to high resolution printing can be predicted reliably. In this Letter, we show that this apparent discrepancy between theory and the experiments is due to the ionization of the gas surrounding the jet, which was observed by the electrospraying community [19] [20] [21] [22] but was never related to the whipping instability because of the early jet break up. When the effects of gas ions are not taken into account, the total measured current leads to an inaccurate estimation of surface charge density of the jet, which causes the calculated instability growth rates to be large. A beneficial consequence of gas discharge at close proximity of the electrodes is the enhanced stability of the jet as its charge density is reduced.
We performed our experiments with stainless steel (13 13 cm) parallel plate electrodes. The upper electrode had a stainless steel nozzle with a 640 m outer diameter protruding 2 mm below its surface and the lower electrode had a 15 mm diameter hole at its center that was connected to a small reservoir underneath. The setup was enclosed inside a Plexiglas chamber and the humidity level was regulated by feeding a saturated stream of nitrogen gas which bubbled through water kept at 60 C. Humidity inside the chamber was continuously monitored via a hygrometer [23] . Images were captured by using long distance lenses connected to a high-speed camera [24] with a 2 s minimum exposure time and 10 kHz maximum frame rate. The system was backlighted by using a halogen lamp with fiber optic light guide and occasionally by an arc lamp. The liquids used for the stability experiments were glycerol and polyethylene oxide (PEO, 300 kDa) solutions which were prepared by addition of 2.5 M aqueous KCl solutions to pure glycerol or PEO dissolved in ethanol and water (1:1 by volume) to adjust the conductivity.
Liquid solutions were fed to the nozzle through a Teflon tubing using a syringe pump [25] . To avoid accumulation and keep the liquid level same as the electrode surface, liquid was drained at the same rate from the reservoir below the hole. The upper and lower electrodes were positioned such that the nozzle was centered in the hole on the bottom electrode. Upon application of sufficiently high potential (on the order of 1-6 kV) [26] between the electrodes, a thin jet was emitted from the tip of the ''cone''. Flow rate and voltage were increased gradually while sustaining the cone-jet transition to avoid sudden dielectric breakdown. Current was monitored via an electrometer [27] in serial connection with the computer.
We studied the effect of electrode separation distance on the stability of jets through their centerline deflection [ Fig. 1(a) ]. Centerline deflection of short jets (at electrode separation: 5.5-6.75 mm range) at the lower electrode was compared to that of long jets (at electrode separation: 25.1 mm) at the same location with respect to the upper electrode [see inset in Fig. 1(a) ]. When all other conditions were kept constant, the centerline deflection of the PEO jets decreased by an order of magnitude when the electrode separation was below 7:2 mm (Fig. 1) . Coincident with this improvement in deflection stability, the total current measured between the parallel plate electrodes showed a sudden increase [ Fig. 1(b) ]. Current increased as a function of electrode separation irrespective of the type of ions in the solution or the nozzle material [28] . If the current between the parallel plate electrodes were carried only by the jet, deflections should have amplified at smaller electrode separations as the surface charge density is expected to increase with higher current [ Fig. 1(b) ]. These unexpected observations prompt us to raise two important questions: (i) Why is there a sudden increase in the current below a critical electrode separation? (ii) Why does the deflection stability improve significantly instead of getting worse?
Another manifestation of this contradiction is that the instability growth rates predicted by the existing theories [14, 15] using the charge densities from total current are 3 orders of magnitude higher than the experimentally determined values. We determined the instability growth rates of a Newtonian liquid (glycerol) jet by using an image analysis program written in MATLAB [29] . Liquid conductivity and flow rate were adjusted such that the diameter of the jet was large enough to do accurate image analysis and the instability growth rate was small enough to capture clear images. Each disturbance wave was traced in time and changes in its amplitude were found by assuming that jet travels with the average velocity of the stream [ Fig. 2(a) ]. The change in the amplitude of the disturbances as a function of time [slope of line in Fig. 2(b) ] gives the temporal growth rate of the disturbances as 5213 s ÿ1 . On the other hand, when the instability growth rate is calculated from the theory proposed by Saville [14] using the radial electric field estimated from the total measured current, the temporal growth rate is found as 1: 2 10 6 s ÿ1 , a value that is nearly 3 orders of magnitude higher. To explain the unexpected observations described above, we focus our attention on the current behavior. 
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There are two possible mechanisms that can introduce charged species to the gas and cause sudden increase in the current: gas ionization [30] and ion emission from the jet [31] . In order to understand the requirements for gas ionization, we consider the conservation of the electrons for convection dominated systems [32] 
Here, r, n e , and v e are the radial coordinate, number density of the electrons, and velocity of the electrons, respectively. is the Townsend coefficient, AP expÿBP=E [33] , where P is the pressure and A and B are constants specific to the gas. Requirement for the change in convection to scale equally as generation in Eq. (1) provides the criteria for the electric field and length scale as E BP and L r 1=AP, respectively. According to the first criterion, the electric field should be 2:77 10 7 V=m for ionization of air under atmospheric pressure. The electric field at the liquid surface scales as E n 2=" 0 r 1=2 [34] , where , " o , and R are the surface tension of the liquid, vacuum permittivity, and the radial position of the interface, respectively. Based on the normal electric field, ionization is expected to take place somewhere close to the end of the ''cone'' region (R < 19 m) in our experiments with glycerol. Although high enough to cause ionization, normal electric field around the cone is not sufficient to cause ion emission, which requires 10 9 V=m [31] . Hence, we conclude that the most likely explanation for the increase in current is gas ionization. Using the second criterion length scale for the ''ionization zone'' is L r 0:9 m for the case of air. This length scale is much less than other length scales in the system, such as the radius of the jet and the nozzle diameter; thus we conclude that the effect of ionization is rather local.
We considered the role of gas ionization by changing the composition of the gas. Figure 3 shows representative snapshots from experiments at two different gas compositions for a glycerol solution (with a conductivity of 19:5 S=cm) flowing at 12 ml=h rate and under a 943 V=mm electric field. Under otherwise identical conditions, either decreasing the electrode separation [ Fig. 3(a) ] or increasing the humidity [ Fig. 3(c) ] decreased the amplitude of the disturbances on the jet and increased the length of the ''straight segment'' of the jet. As shown above, electric field normal to the liquid surface becomes high enough to initiate ionization close to the end of the cone. Therefore, around this region electrons multiply in number and generate positively charged ions while moving towards the cone and the jet. Upon reaching the air-liquid interface, electrons partially neutralize the surface charge. The reduction in the surface charge density of the jet leads to the observed decrease in the instability growth rate and diminishes ionization below the region of neutralization. Generated ions contribute to the total current by reaching the lower electrode. Hence, as the jet stabilized the current increased significantly [from 5.2 to 7:8 A for Fig. 3(b)  and 3(c) ]. Doping the atmosphere with argon gas also provided the same behavior as increasing the humidity of the air.
To provide further evidence for gas ionization, we measured the current through the air and the jet independently by insulating the pool at the center of the bottom electrode from the rest of the electrode. Current measurements from electrometers connected in series to the pool and the rest of the bottom electrode showed that there was indeed a significantly higher current through the air. For example, the current outside of the pool and through the pool at 65% relative humidity was 0.98 and 0:56 A, respectively, when using a glycerol solution with a conductivity of 6:8 S=cm, at 9.52 mm electrode separation, 7920 V, and 2 ml=h flow rate. The current through the air also increased as a function of humidity, confirming the results shown in Figs. 3(b) and 3(c) . Hence, it is confirmed that in the presence of ionization, current measured between electrodes has contributions other than the current carried by the jet. Unless this contribution is taken into account, surface charge density of the jet will be over estimated, causing an apparent discrepancy between the observed and estimated instability growth rates, as pointed out at the beginning.
These observations show that the stability of the jet is improved through partial neutralization of surface charge by the electrons produced by gas ionization. Upon chang- ing the surrounding gas with one that ionizes more readily, or increasing the radial electric field, ionization and gas discharge can be enhanced. As the electrode separation decreases, existence of the nozzle and the cone enhances the local electric field causing enhancement in the radial electric field [35] . Enhanced ionization at small separations also explains the sudden increase in the current as a function of electrode separation [ Fig. 1(b) ]. The contribution of other stabilization mechanisms at small electrode separations, such as pinning of the end of the jet by capillary or viscous forces or wavelength selection is negligible [35] . More importantly, none of these alternative mechanisms can explain the current behavior.
It should also be noted that the rate at which radial electric field around the jet decays depends on the radius of the jet. Thus, the number of gas ions generated is a function of radius and initial charge density of the jet. When the jet is too thin or the initial charge density is not large enough, effects of ionization and hence the effects of electrode separation are not expected to be significant. A discussion on the effect of divergence of the electric field on corona discharges around EHD jets can be found in Borra et al. [22] . 
